The thylakoid membrane of higher plant chloroplasts, in common with other energy-transducing membrane systems, contains a relatively high ratio of proteins to lipids. The lipid fraction is dominated by galactolipids, namely monogalactosyl-and digalactosyl-diacylglycerols, which together represent about 75% by weight of the total membrane polar lipids (Nishihara et al., 1980). The membrane proteins consist largely of oligomeric complexes which are attached to the membrane surface or embedded within the hydrophobic domain of the structure. Proteins attached to the membrane surface include carboxydismutase and the CF,, components of the CF,,-CF, ATP synthase complex (Howell & Moudriankakis, 1967a,b; Miller & Staehelin, 1976) and the ferredoxin-NADPH reductase complex (Jennings et al., 1979). I t is likely that interaction of these proteins with the thylakoid membrane lipids is confined mainly to electrostatic interactions with the acidic lipids such as phosphatidylglycerol and sulphoquinovosyldiacylglycerol. Their effects on lipid phase behaviour presumably therefore reside in the screening effect on the charges of these lipids and possibly their segregation into lateral or even transverse membrane domains by chargexharge interactions. The intrinsic membrane proteins of the thylakoid membrane require detergents to remove them from the structure, and they can often be freed from polar membrane lipids in a form in which some functional activities are preserved. Interaction of these proteins with membrane lipids involves both polar interactions with the lipid head groups and the hydrophilic domain of the proteins and van der Waals interactions that predominate in the hydrophobic core of the membrane. Estimates of the size of these complexes suggest that they are very large relative to the dimensions of a lipid bilayer (Williams P I al., 1982) and must require particular interactions with the polar lipids in order to package them into the membrane structure (Quinn & Williams, 1983) .
The thylakoid membrane of higher plant chloroplasts, in common with other energy-transducing membrane systems, contains a relatively high ratio of proteins to lipids. The lipid fraction is dominated by galactolipids, namely monogalactosyl-and digalactosyl-diacylglycerols, which together represent about 75% by weight of the total membrane polar lipids (Nishihara et al., 1980) . The membrane proteins consist largely of oligomeric complexes which are attached to the membrane surface or embedded within the hydrophobic domain of the structure. Proteins attached to the membrane surface include carboxydismutase and the CF,, components of the CF,,-CF, ATP synthase complex (Howell & Moudriankakis, 1967a,b; Miller & Staehelin, 1976) and the ferredoxin-NADPH reductase complex (Jennings et al., 1979) . I t is likely that interaction of these proteins with the thylakoid membrane lipids is confined mainly to electrostatic interactions with the acidic lipids such as phosphatidylglycerol and sulphoquinovosyldiacylglycerol. Their effects on lipid phase behaviour presumably therefore reside in the screening effect on the charges of these lipids and possibly their segregation into lateral or even transverse membrane domains by chargexharge interactions. The intrinsic membrane proteins of the thylakoid membrane require detergents to remove them from the structure, and they can often be freed from polar membrane lipids in a form in which some functional activities are preserved. Interaction of these proteins with membrane lipids involves both polar interactions with the lipid head groups and the hydrophilic domain of the proteins and van der Waals interactions that predominate in the hydrophobic core of the membrane. Estimates of the size of these complexes suggest that they are very large relative to the dimensions of a lipid bilayer (Williams P I al., 1982) and must require particular interactions with the polar lipids in order to package them into the membrane structure (Quinn & Williams, 1983) .
In this paper, strategies employed to investigate lipidprotein interactions in the thylakoid membrane of higher plant chloroplasts will be described. The emphasis of the studies has been to reconcile the phase behaviour of the molecular species of polar lipids present in the membrane with their functional role in preserving the overall stability of the structure and the functions upon which this depends.
Structural organization of' the photosynthetic membrane
The thylakoid membrane of higher plant chloroplasts is arranged into regions of intermittent grana stacks and unstacked stromal lamellae. Within the grana stacks regions are created in which there is close apposition between surfaces of the membrane, the so-called appressed regions, and other regions which are non-appressed and not in close contact with adjacent membrane surfaces. Fractionation of the thylakoid membrane and analysis of the major components of the photosynthetic apparatus has shown that the arrangement of the different complexes is highly asymmetric. The membrane of higher plant chloroplasts contains five major membrane protein complexes consisting of ( I ) the Photosystem-II reaction centre and closely associated antenna pigment-protein complex, (2) the Photosystem-I reaction centre and its associated antenna pigment-protein complex, (3) the mobile light-harvesting chlorophyll a/hprotein complex, (4) the CF,-CF, coupling factor ATP synthase complex and ( 5 ) the cytochrome b,-f complex comprised of cytochromes ,f' and h,,, and the Rieske ironsulphur protein, cytochrome b,.f' (Cox, 1979; Hurt & Hauska, 1981; Lam & Malkin, 1982; Barber. 1985) . Of all the complexes, the first four have been found to be highly asymmetric with regard to both their trans-membrane orientation within the thylakoid membrane and their lateral disposition between regions of the membrane. Photosystem I1 and much of the mobile light-harvesting chlorophyll u/bprotein complex, for example, is located primarily within the grana lamellae, whereas Photosystem-I and the CF,-CF, complex is confined almost entirely to the stromal membrane regions (Anderson & Andersson, 1982; Staehelin & Arntzen, 1983) . The distribution of the cytochrome b,_f complex is more contentious, with some suggestions that it is confined entirely within the stroma membranes (Anderson, 1981; Henry & Moller, 1981) , in the membrane region interfacing the grana and stroma membranes with the possibility of diffusion into the stroma membranes (Ghirardi & Melis, 1983; Barber, 1984) or randomly distributed between grana and stroma lamellae (Cox & Andersson, 198 1 ; Allred & Staehelin, 1986) .
Early claims that monogalactosyl-and digalactosyldiacylglycerols were distributed asymmetrically in the photosynthetic membrane were based on comparative studies of grana-containing and agranal bundle-sheath chloroplasts (Bishop et al.. 1971 ) but differences could not be detected subsequently in preparations of grana and stroma membranes produced by mechanical disruption of chloroplasts (Bahl et d., 1976) . The latter studies, however, did report a preferential location of a unique molecular species of phosphatidylglycerol containing a trans A'-hexadecenoic acid in the granal membranes. Subsequently, it has been suggested that this particular lipid is involved in formation of dimers of the light-harvesting chlorophyll a/b-protein complexes (Tremolieres et al., 1981) and is responsible for the high efficiency of light harvesting (Duval et al., 1979) . Separation of membrane fragments in two-phase polymer systems, however, has indicated appreciable differences in lipid composition with a selective enrichment of monogalactosyldiacylglycerol relative to digalactosyldiacylglycerol in fractions derived from appressed membranes (Murphy & Woodrow, 1983; Gounaris et al.. 1983~) . The isolation of protein complexes using detergent solubilization methods has indicated the presence of residual membrane lipids associated with the protein, for example, sulphoquinovosyldiacylglycerol has been reported in detergentsolubilized complexes of CF,,-CF, (Pick et al., 1985) and Photosystem-II core particles (Gounaris & Barber, 1985) . These observations in the context of interactions that may take place in the photosynthetic membrane, however, are of doubtful significance because of the presence of detergent.
Trans-membrane asymmetry of lipids has been investigated using antibody binding and lipase digestion methods with somewhat equivocal results. Using polyclonal antibodies to thylakoid membrane lipids, Radunz (1979 Radunz ( , 1980 found that phosphatidylcholine and phosphatidylglycerol were preferentially located on the outer surface of the membrane, whilst monogalactosyldiacylglycerol and sulphoquinovosyldiacylglycerol, and to a lesser extent digalactosyldiacylglycerol. are present predominantly in the inner surface. More recent studies of a monoclonal antibody to monogalactosyldiacylglycerol (Gounaris et al., 1984) come to the opposite conclusion with regard to the distribution of this particular membrane lipid. The method suffers the disadvantage of steric hinderance with regard to access of the antigen to its combining site on the protein as well as the possibility of membrane reorganization in response to cre-619th MEETING. C A M B R I D G E ation of inside-out vesicles. Selective attack by lipases has been widely employed to investigate the lipid asymmetry and functional role of specific thylakoid lipids (Anderson et eil., 1974; Shaw cJt ul., 1976; Hirayama & Matsui, 1976; Hirayama & Nonotobori, 1978; Rawyler & Siegenthaler, 1980 Unitt & Harwood, 1982; Krupa, 1983 Krupa, , 1984 ; Jordan i ' t crl., 1983). In order for the results of substrate accessibility to lipases to provide a reliable indication of lipid asymmetry it is necessary that the integrity of the membrane is unperturbed by digestion of specific lipids or the presence of their reaction products. that lipase action is confined to the outer surface of closed vesicles and they d o not have access to substrates on the inner surface. Furthermore, in the case of functional studies, it must be assumed that change in activity of particular protein complexes associated with hydrolysis of one or other membrane lipid is due to a direct functional requirement for that particular lipid. While the assumptions underlying many of these studies have been questioned (Quinn & Williams, 1985) , the likelihood that membrane lipids are asymmetrically distributed not only between lateral domains within the membrane but also across the membrane appears to be supported on balance by the available evidence.
Fcrctors rc.vpotisihle ,/Or crs!mtnrtric clistrihution of'tncnihrmne ~~ol?lpotl~'tlts
There is a considerable body of evidence to suggest that the protein components of the photosynthetic membrane, as they are in other membranes. are arranged asymmetrically within the structure. The unique orientation for each protein is determined by the way they are synthesized and how the signal sequences encoded in the polypeptide chains are interpreted. Moreover, their position with respect to transmembrane disposition is fixed because they are not free to tumble about a n axis parallel to the membrane plane. Such constraints d o not apply to the polar membrane lipids which are known to undergo trans-membrane migration, albeit a t rates that are relatively slow compared with that of lateral diffusion within the plane of the membrane. One could envisage therefore that, in the absence of external forces, the arrangement of membrane lipids would achieve a random distribution on either side of the membrane and that an asymmetric arrangement implies the intervention of other forces.
Similar arguments apply for lateral asymmetry in the plane of the membrane. Given that the protein complexes and polar lipids are free to diffuse laterally in the plane of the membrane. consistent with the dogma enshrined in the fluid mosaic model, a t equilibrium there would be a random distribution of constituents within the membrane plane. As provided in the model, however, lateral asymmetry can be generated by summation of short range and specific interactions which can give rise to exceptionally large twodimensional arrays or to the influence of external factors inducing clustering of particular membrane components (Singer & Nicolson, 1972) . There is gathering support for the idea that short range specific interactions associated with the formation of oligomeric complexes within the membrane involve the interaction of membrane proteins with particular membrane lipids. In turn. the creation of lateral domains of specific complexes mediates interaction between like domains in other regions of the membrane, thereby assembling the components required for the formation of granal stacks. The evidence underlying these ideas depends on a knowledge of the phase behaviour of the lipids of the photosynthetic membrane and the role that particular lipid classes play in the structure and stability of the membrane.
Pliuse hcherviour of' cM)roplust mmihrune lipids
As noted above. the major polar lipid component of the Vol. 15 thylakoid membrane of higher plant chloroplasts is monogalactosyldiacylglycerol. In general it represents about half by weight of the total polar lipids. It is characterized, firstly, by the highly unsaturated acyl chain substituents in which there are often more than 5.5 cis double bonds per molecule. and secondly. that when dispersed alone in aqueous systems it forms an hexagonal-ll structure rather than conventional lipid bilayer structures. This distinguishes it from the other major polar lipid constituents which all form bilayer structures in excess water. When total polar lipid extracts of higher plant chloroplasts are dispersed in excess water only bilayer structures in the form of small vesicles are formed . Addition of monovalent or multivalent ions to such dispersions causes fusion of the vesicles, the aggregation of lipid into large structures and the appearance of non-bilayer lipid structures (Gounaris Pt ul., 1983h) . These structures include inverted micelles sandwiched within the lamellae of bilayers and paracrystalline arrays of tubular and spherical inverted micelles. I t was concluded on the basis of the effects of salts on lipid phase behaviour that the charge repulsion between head groups of the acidic lipids, phosphatidylglycerol and sulphoquinovosyldiacylglycerol. brought about a n ideal mixing of all the component lipids of the mixture in which the balance of forces imposed a bilayer configuration of maximal hydration. When the repulsion between these lipids is reduced by the charge screening effects of gegenions. phase separations result in formation of domains rich in monogalactosyldiacylglycerol which are evident by the appearance of non-bilayer structures that are discrete from domains where a bilayer arrangement predominates. It is noteworthy that non-bilayer lipid domains are present in dispersions of total polar lipid extracts of chloroplasts made in media used for assay of the functional activity of chloroplasts, yet there is n o evidence of such lipid phase separations in the native thylakoid membrane (Quinn et ul., 1982) . This implies that interaction of the lipids with other membrane components plays an important role in the overall structural organization within the membrane.
Detailed studies of the structure and phase behaviour of polar lipids of higher plant chloroplasts have been reported (Shipley et a/., 1973; NI., 1980; Sen c't a/., 1981). In particular, the effect of the unsaturated fatty acyl residues of monogalactosyldiacylglycerol has been found to be a major factor in the phase behaviour of this lipid in aqueous systems (Sen et al.. 1983) and in its ability to phase separate in mixtures with other chloroplast lipids (Gounaris et ul., I983c; Mansourian & Quinn, 1986) . Thus when the monoglactosyldiacylglycerol has an acyl chain composition consisting of two linolenic acid residues the lipid forms an hexagonal-I1 structure in water. Progressive removal of cis unsaturated double bonds by catalytic hydrogenation indicates that removal of only a few double bonds converts the structure to a bilayer. Other factors that influence the phase behaviour of monogalactosyldiacylglycerol and its tendency to phase separate from mixtures with other chloroplast membrane lipids are summarized in Fig. 1 . Thus a n hexagonal-ll structure is favoured and the tendency to form non-bilayer structures in total polar lipid extracts of chloroplast membrane lipids is enhanced at high temperature and low water activity. Phase separations in lipid mixtures can also be driven by screening of charges on the acidic lipids, as described above. and at sub-zero temperatures where differences in lamellar-gel to liquid-crystalline phase transitions results in formation of coexisting gel and liquidcrystalline domains of high and low melting point lipids. The lamellar-gel to liquid-crystalline phase transition temperature of monogalactosyldiacylglycerol. in common with other non-bilayer forming lipids, tends to be about 20 C higher than typically bilayer-forming lipids of the same acyl chain composition (Quinn, 1985) . 
Protein-lipid interactions
We may deduce from studies of phase behaviour of chloroplast membrane lipids in aqueous systems that the interaction of the lipids with other membrane components has a marked effect on their behaviour in the membrane. T o probe the nature of these interactions we have manipulated the environmental conditions of intact chloroplasts and examined the consequence on the structure of the thylakoid membrane and various photosynthetic functions.
The effect of thermal stress has been examined by brief exposure of chloroplast suspensions to high temperatures and observing structural changes by freeze-fracture electron microscopy (Gounaris et ul., 1983d) . It was found that a normal morphology was preserved with stacked grana during 5 min incubation at temperatures up to 35°C. Incubation at between 35 and 45' C caused complete destacking of the grana and higher temperatures caused a phase separation of non-bilayer lipids into stable aggregates of cylindrical inverted micelles. Interpretation of the effects of temperatures greater than 45 C is based on phase conditions that result in a release of constraints imposed by interaction of the monogalactosyldiacylglycerol with other membrane components and its segregation into domains of non-bilayer lipid structure. Gross phase separations of this type require that the shift in thermal stability of the stacked membrane is relatively large because three-dimensional aggregates of lipids are not observed if the chloroplast membrane is destacked by manipulation of the ionic environment before heat treatment.
The explanation of the effect of heat treatment on destacking the native membrane is not so clear cut. The factors responsible for membrane stacking have been postulated in a model proposed by Barber (1980) . According to this model thylakoid stacking and related phenomena are explained in terms of the effect of cations on electrostatic charges on the membrane surface. A difference in the surface charges of light-harvesting chlorophyll u/b-protein complexes associated with Photosystem-I1 (believed to carry little or no charge) and P-70&chlorophyll a protein complexes associated with Photosystem I (possessing a relative abundance of negative charge) is said to result in a randomization of the complexes laterally in the membrane in conditions of low salt concentration. I t is argued that addition of cations screens the charges and reduces electrostatic repulsion between Photosystem-I complexes, allowing a reorganization of the membrane system in which the two Photosystems become spatially segregated. The formation of the grana stacks is explained by a reduction in Coulombic repulsion forces between opposing membrane surfaces (Mullet & Arntzen, 1980; Ryrie PI ul., 1980) . A careful analysis of the ultrastructural changes associated with temperature-induced destacking of thylakoid membranes has been carried out using electron microscopic techniques (Gounaris et al., 1984) . It was found that the normal granal stacks are progressively replaced by modified thylakoid attachment sites in which contact between opposing membranes becomes restricted to regions of focal contact. Changes in the size distribution of particles observed in the exoplasmic face of stacked and unstacked regions and corresponding regions of the protoplasmic face due to heat treatment are presented in Table 1 . The most notable difference is a disappearance of intramembraneous particles in the exoplasmic profiles of the attachment sites formed during exposure to high temperature. The reverse occurs outside the stacked regions of the exoplasmic face, where the density of particles increases significantly. Changes in particle size in regions of contact between the membrane in profiles of exposed exoplasmic and protoplasmic faces are shown in the form of difference histograms in Fig. 2 . These data are interpreted as a dissociation of light-harvesting units of Photosystem-11 in which the antennae complexes cluster together, maintaining regions of membrane adhesion, whilst excluding the core complexes of Photosystem I 1 and lightharvesting units of Photosystem I . This process is illustrated schematically in Fig. 3 . In this model the electrostatic interactions maintaining contact between the membranes is not perturbed by the brief exposure to high temperature but a shift in the phase behaviour of the membrane lipids leads to dissociation of oligomeric complexes. This is consistent with functional changes observed by Schreiber & Armond (1978) in Photosystem I1 of chloroplasts subjected to heat stress. We have suggested that it is the shift in phase of the monogalactosyldiacylglycerol that underlies the change and that the functional role of this non-bilayer lipid is to package the light-harvesting chlorophyll a/h-protein complexes together with the Photosystem-I1 core protein complex into an efficient functional unit localized within the grana stack (Quinn & Williams, 1984) . A similar functional role of monogalactosyldiacylglycerol and other non-bilayer-forming lipids such as phosphatidylethanolamines has been proposed on the basis of reconstitution studies of Ca2+ -ATPase in which the efficiency of pumping is markedly improved by the presence of non-bilayer-forming lipids (Navarro et al., 1984) . The ultrastructural changes observed in heat-treated chloroplasts correlate with functional changes and are consistent with the dissociation of Photosystem-I1 core particles from their associated high-harvesting chlorophyll a/h-protein complexes. Studies of the ratio of variable chlorophyll a fluorescence (F,) to maximal fluorescence (F,) measured under conditions in which Photosystem-IImediated electron transport is blocked by the inhibitor, DCMU, as a measure of photochemical trapping efficiency has shown a significant decrease between heat treatment at 35" and 45°C (Thomas et al., 1986) .
Apart from shifts of phase properties of membrane lipids by high temperatures, there is now abundant evi- dence that other factors known to induce phase transitions and phase separations in mixed lipid systems also cause lipid phase separations in biological membranes. The creation of gel phases in the photosynthetic membrane of Anacystis nidulans from which intramembrane particles are excluded at low temperatures has been well documented (Furtado P I al.. 1979; Tsukamoto et ul., 1980; Funk et al., 1982) . Treatment of chloroplasts with high Mg2+ concentrations (Carter & Staehelin, 1980) , 6~-guanidine thiocyanate (Machold et al., 1977) , acid pH or digesting the membrane phospholipids with phospholipase A? (Thomas et al., 1985) all cause phase separations of non-bilayer lipids within the chloroplasts thylakoid. These effects on membrane stability are all predictable on the basis of the influence on membrane lipid phase behaviour. Thylakoid membranes can also be stabilized at high temperatures by altering the chemical composition of the membrane lipid. This has been achieved by the use of watersoluble homogeneous catalysts which are able to catalyse the saturation of membrane lipids in situ when chloroplasts are incubated under an atmosphere of hydrogen gas in the dark Vigh et al., , 1985a . The effect of hydrogenation of the membrane lipids was to create particle-free patches corresponding to phase-separation gel-phase lipids in the membrane. Examination of the freeze-fracture profiles of thylakoid membranes of chloroplasts subjected to heat treatment indicated that saturation of the membrane lipids prevented the tendency of the thylakoid membrane to destack and to vesiculate at high temperatures (Thomas et a[., 1986) . Measurements of chlorophyll a fluorescence emission and the thermal properties by differential scanning calorimetry suggested that the membrane is stabilized at high-temperatures by saturation of the lipids and that the interaction between the pigment--protein complexes of the Photosystem-I1 light-harvesting apparatus is preserved by altering the phase behaviour of the membrane lipids. These observations are consistent with a number of other studies (Schreiber & Berry, 1977; Pearcy Vol. 15 et al., 1977; Raison et al., 1983) indicating that acclimation of plants, particularly those native to hot desert climates, to growth at high temperatures involves stabilization of the Photosystem-I1 complex and is associated with changes in the degree of saturation of the membrane lipids (Pearcy, 1978 : Raison r t ul.. 1983 and/or changes in thylakoid lipid/ protein ratios (Chapman et al., 1983a,h) .
Conclusions
The thylakoid membrane of higher plant chloroplasts consists of membrane lipids, half by weight of which form bilayers when dispersed in aqueous systems and half that exists in an hexagonal-I1 structure. Phase separations of bilayer and non-bilayer lipids are observed when total polar lipid extracts are dispersed in dilute salt solutions but no evidence for non-bilayer lipid structures is obtained from examination of intact membranes. This implies that interaction of the non-bilayer lipid, monogalactosyldiacylglycerol, with other membrane components imposes an overall bilayer configuration on the membrane lipid. There is mounting evidence to suggest that interaction of the non-bilayer lipid with pigment-protein (and possibly other protein) complexes is required to stabilize oligomeric complexes in the plane of the membrane and in turn play a role in the characteristic asymmetric disposition of the complexes within the native membrane. The liquid-crystalline properties of lipid bilayers have been extensively investigated in both model systems and cell membranes (for review, see Quinn & Chapman, 1980) . A variety of physical techniques have been used to study the molecular motion of the lipid hydrocarbon chains, leading to measurement of 'fluidity' or, more precisely, characterization of rates of motion and amplitude of motion (order). It is also well documented that the functional properties of many membrane proteins, for example, rates of transport or activity of membrane-bound enzymes, are sensitive to these motions. The details of how membrane function is coupled to lipid motion remain, for the most part, to be elucidated.
Leaving aside possible effects due to specific lipid-protein interactions, it is possible to distinguish three major mechanisms whereby the physical properties of the surounding lipids could influence the function of membrane proteins:
( 1) Functional properties such as transport undoubtedly require internal flexibility or conformational change of the transport protein. The rate of internal motion would normally be expected to depend on the viscosity of the surrounding medium (Gavish & Werber, 1979) . Intrinsic membrane proteins are in contact with both the surrounding lipids and the aqueous phases on both sides of the membrane, but since the lipid viscosity is normally in the order of 100 times that of water, it is the lipid viscosity which will principally determine rates of internal motion. I t should be added that internal motion is not necessarily rate limiting. It is also possible to envisage models where movements in the interior of the protein are not transmitted to the lipid--protein interface and hence not influenced by membrane viscosity .
(2) Some functional properties appear to require lateral diffusion and collision of independent proteins in the membrane. The best documented example is probably the stimulation of adenylate cyclase after the binding of hormones to their receptors; this and other cases have been reviewed by Axelrod (1 983). Where lateral diffusion is required for function, then the membrane viscosity will clearly be a crucial parameter in determining the rate at which collisions occur.
(3) Proteins in membranes exist in various states of association: sometimes self-associating into oligomeric structures, sometimes associating with other proteins to form complexes. Association-dissociation equilibria may well be influenced by the state of the lipids. If association affects function, this provides a further mechanism of modulation by the membrane lipids.
Of these three mechanisms, which are schematically illustrated in Fig. I , it is very probable that the first is important and will become better understood through the application of developing methods for studying internal dynamics of membrane proteins. Quantitative evaluation of the second mechanism has benefited from the many measurements of lateral diffusion coefficients of membrane proteins which have been peformed in recent years (Kapitza & Jacobson, VOl. 15 1986). However, it is only rarely that diffusion has clearly been shown to be the rate-limiting step, which is a prerequisite for lipid modulation of activity by this mechanism.
The third mechanism has received relatively little attention. A powerful method of studying associations between membrane proteins is to measure their rotational diffusion. According to Saffman & Delbriick (1975) , the rotational diffusion coefficient for rotation of a protein about the membrane normal ( D l l ) is given by:
where the protein is modelled as a cylinder of radius a and height h immersed in a membrane of viscosity r]. Hence D,, is inversely proportional to a' and thus is very sensitive to the size of the rotating particle. Measurements of rotational diffusion have in fact provided a good deal of evidence, described below, that parameters which affect membrane viscosity may also influence the state of association of membrane proteins.
Several techniques are now available for measuring rotational diffusion of membrane proteins (for review, see 
